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Communication and intentional behavior are supported by the brain’s integrity at a structural 
and a functional level. When widespread loss of cerebral connectivity is brought about as a 
result of a severe brain injury, in many cases patients are not capable of conscious interactive 
behavior and are said to suffer from disorders of consciousness (e.g., coma, vegetative state/
unresponsive wakefulness syndrome, minimally conscious states). This lesion paradigm has 
offered not only clinical insights, as how to improve diagnosis, prognosis, and treatment, but 
also put forward scientific opportunities to study the brain’s plastic abilities. We here review 
interventional and observational studies performed in severely brain-injured patients with regards 
to recovery of consciousness. The study of the recovered conscious brain (spontaneous and/
or after surgical or pharmacologic interventions), suggests a link between some specific brain 
areas and the capacity of the brain to sustain conscious experience, challenging at the same 
time the notion of fixed temporal boundaries in rehabilitative processes. Altered functional 
connectivity, cerebral structural reorganization as well as behavioral amelioration after invasive 
treatments will be discussed as the main indices for plasticity in these challenging patients. 
The study of patients with chronic disorders of consciousness may, thus, provide further 
insights not only at a clinical level (i.e., medical management and rehabilitation) but also from 
a scientific-theoretical perspective (i.e., the brain’s plastic abilities and the pursuit of the neural 
correlate of consciousness).
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InterventIonal studIes
deep braIn stImulatIon
Deep brain stimulation (DBS) is an interventional surgical proce-
dure which requires the implantation of microelectrodes in deep 
structures of the brain and the administration of low voltage elec-
tricity in these structures. Despite some sparse evidence that DBS 
may have some ameliorating effects on arousal in VS/UWS patients 
(Cohadon and Richer, 1993; Yamamoto et al., 2001), in general one 
cannot argue in favor of this treatment in the VS/UWS population. 
This is mainly due to the widespread underlying neuropathology 
of VS/UWS (Adams et al., 2000) which does not permit a straight-
forward functional re-integration after stimulating the structures 
of interest in these patients (Schiff and Fins, 2007).
In a more controlled experimental setting, where patients’ selec-
tion was based on both their neuropathological status (i.e., specific 
information about the connections between the central thalamus, 
cerebral cortex, basal ganglia and other subcortical structures) 
and behavioral profile (i.e., exhibition of preserved arousal and 
fluctuating behavioral performance), a 38-year-old patient in a 
MCS more than 6 years after severe traumatic brain injury was 
selected for DBS treatment (Schiff et al., 2007). Up to the point of 
DBS treatment, the patient did not show any clinical amelioration 
despite a 2-year rehabilitation program. However, after applying 
DBS in bilateral central intralaminar thalamic nuclei (Figure 2), 
the patient showed stimulation-related improved levels of arousal, 
motor control, and interactive behavior as measured by neuropsy-
chological testing during the DBS “on” periods.
Thanks to last decades’ technological advances, the study of 
consciousness has been under the scrutiny of neuroscientific 
research. The notion that consciousness is supported by and 
emerged from the brain is well-documented by clinical cases of 
neurological patients suffering from disorders of consciousness 
(DOC): in coma, patients are unable to be awakened and hence 
show no awareness of themselves and of their environment; in 
the vegetative state (VS) now called unresponsive wakefulness 
syndrome (UWS; Laureys et al., 2010) there is a dissociation 
between arousal which is preserved (i.e., clinically evident by 
eyes opening) and awareness which is abolished (Jennett and 
Plum, 1972). The recently defined minimally conscious state 
(MCS) describes patients who show fluctuating signs of aware-
ness but remain unable to communicate (Giacino et al., 2002). 
Through this lesion paradigm we have the opportunity not 
only to better understand the neural correlates of conscious-
ness (Tononi and Laureys, 2009) but also to gain insight about 
the brain’s plastic abilities (Laureys et al., 2006a). In the present 
review, the study of neural plasticity is approached via neu-
rological evidence coming from neuroimaging technologies, 
such as structural and functional magnetic resonance imag-
ing (MRI), and positron emission tomography (PET), during 
pathological states and after recovery of consciousness. Altered 
cerebral functional connectivity, structural reorganization as 
well as behavioral amelioration after invasive and non-invasive 
treatments will be discussed as the main indices for plasticity 
in this challenging population (Figure 1).Frontiers in Psychology  |  Consciousness Research    February 2011  | Volume 1  | Article 245  |  2
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mesio-frontal cortical neurons, which send excitatory projections 
to the central thalamus, or modulate the striatum leading to the 
restoration of the global dynamics of the cortico-thalamic system. 
On the other hand, zolpidem effects may be explained by a direct 
action at the level of the global pallidus interna which sends inhibi-
tory projections to the central thalamus; this inhibitory effect could 
substitute for the normal inhibition of the globus pallidus from 
the striatum and hence lead to a more stabilized central thalamic 
activity (Schiff, 2010).
non-pharmacologIc InterventIons
Non-pharmacologic interventions for DOC patients here refer to 
sensory stimulation techniques and physical therapy, which mainly 
aim at both preventing complications (i.e., contractures or pressure 
sore preventions) and/or at enhancing recovery. Sensory stimula-
tion can refer to two types of approaches: multisensory stimu-
lation or sensory regulation (Tolle and Reimer, 2003). The first 
expresses the principles of behaviorism and holds that enhanced 
environmental stimulation of the sensory systems is hoped to 
enhance synaptic re-innervations, whereas the second is based 
on the principles of information processing and focuses on the 
enhancement of selective attention by regulating the environment. 
Concerning physical therapy, there is some evidence that early (Oh 
and Seo, 2003) and increased intervention (Shiel et al., 2001) leads 
to   better outcome.
perspectIves
The existing therapeutic nihilism in the field of DOC is currently 
getting  challenged  by  recent  data  supporting  that  some  DOC 
patients could benefit from some rehabilitative interventions (sur-
gical, pharmacologic, or behavioral) reviewed above. Larger-scale 
The effects of DBS were attributed to the recruitable large-scale 
networks underlying the neuropathology of this MCS patient and 
were interpreted as a promotion of the patient’s arousal regulation 
via the direct activation of the frontal cortical and basal ganglia 
systems, innervated by the stimulated thalamic neurons (Schiff 
et al., 2007; Schiff, 2010).
pharmacologIc trIals
Regarding  the  effects  of  pharmacologic  trials  in  patients  with 
DOC, generally speaking no satisfactory results exist (Laureys et al., 
2006b). Small-scale pharmacologic studies indicate some excep-
tional respondents to either stimulant or depressant pharmacologic 
agents, but for whom no evidence-based recommendations can be 
made yet (Whyte et al., 2005; Demertzi et al., 2008).
Studies using amantadine, a mixed NMDA and dopaminergic 
agonist, showed a better outcome in traumatic patients with DOC 
(Whyte et al., 2005; Sawyer et al., 2008). In addition to behavioral 
amelioration, a recent PET study of chronic anoxic MCS showed 
a drug-related increase in fronto-parietal metabolism (Schnakers 
et al., 2008). Other dopaminergic agents which have been reported 
to lead to favorable functional outcome are levodopa and bro-
mocriptine (Passler and Riggs, 2001). Clinical improvements has 
also been reported after administration of baclofen (GABA agonist 
administered mainly against spasticity; Taira and Hori, 2007) and 
zolpidem (non-benzodiazepine sedative drug that is used against 
insomnia in healthy people; for short review see Demertzi et al., 
2008). The exact neuromodulating mechanism of these agents 
is not clear yet. A mesocircuit hypothesis, involving the cortico-
thalamo-cortical system as well as projections of the basal ganglia 
to the central thalamus, has been recently proposed (Schiff, 2010). 
The dopaminergic agents are thought to either facilitate directly the 
Figure 1 | Outline of studies dealing with plasticity issues in patients with disorders of consciousness. DTI, diffusion tensor imaging; MRI, magnetic 
resonance imaging; MRS, magnetic resonance spectroscopy.www.frontiersin.org  February 2011  | Volume 1  | Article 245  |  3
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studies with higher number of patients of various pathologies are 
ongoing, in order to better comprehend the underlying neuro-
modulatory effects of DBS and the induced neuroplastic changes in 
severely injured brains. Currently, the beneficial effects of the phar-
macologic and non-pharmacologic approaches described above are 
not evidence-based and hence are not generally accepted by the 
medical community (for a systematic review see Lombardi et al., 
2002). No unique hypothesis or theoretical framework (Laureys, 
2005; Tononi and Laureys, 2009) can at present combine the tem-
poral dynamics and pathophysiological mechanisms of all the 
aforementioned interventions (e.g., Pistoia et al., 2010) and many 
questions remain as to the precise mechanisms differentiating spon-
taneous from therapy-induced cerebral plasticity.
In  the  therapeutic  management  of  patients  with  DOC,  no 
“standards of care” do yet exist, mainly due to the limitation of 
their scientific evidence coming from small-scale studies under 
suboptimal  or  uncontrolled  settings.  Thus,  no  evidence-based 
recommendations can be made for a particular treatment option 
(Demertzi et al., 2008).
observatIonal studIes
FunctIonal connectIvIty studIes
Passive paradigms
Functional neuroimaging does not only allow one to examine the 
functional segregation (i.e., localizing a function to a cerebral area) 
but also the functional integration (i.e., assessing the interaction 
between functionally segregated areas). Current analytical tools 
permit to assess the functional or effective connectivity between 
distant cerebral areas in functional imaging. Such analyses explain 
the activity in one cortical area in terms of an interaction between 
the influence of another area and some experimental condition 
(i.e., comparing data obtained during unconsciousness and after 
recovery). Functional connectivity is defined as the temporal cor-
relation of a neurophysiological index (hemodynamic or meta-
bolic) measured in different remote brain areas, whereas effective 
connectivity is defined as the influence one neural system exerts 
over another (Friston, 2002). Based on their experimental design, 
functional connectivity studies can be reduced to two main cat-
egories: passive (i.e., resting state, stimulus-induced activity) and 
active (i.e., mental task command following) paradigms (Bruno 
et al., 2010).
Using “resting state” fluorodeoxyglucose PET imaging, decreased 
global metabolic levels have been identified in VS/UWS patients, 
with no significant global metabolic resumption after recovery of 
consciousness. However, “functional disconnections” were identi-
fied in a large fronto-parietal network which exhibited regional 
metabolic  restoration  in  long-range  cortico-cortical  (between 
latero-frontal and midline-posterior areas; Laureys et al., 1999) 
and  cortico-thalamo-cortical  (between  non-specific  thalamic 
nuclei and midline-posterior cortices) after recovery of conscious-
ness from chronic VS/UWS (Laureys et al., 2000b; Figure 3). It is 
hence suggested that fronto-parietal network connectivity is criti-
cal in sustaining conscious awareness (Baars et al., 2003; Laureys 
et al., 2004a), as is also supported by evidence from studies on 
sensory perception in normal volunteers (Dehaene et al., 2006; 
Boly et al., 2007).
Positron  emission  tomography  and  fMRI  studies  have 
identified a “default mode network,” defined as a set of areas, 
encompassing posterior cingulate/precuneus, anterior cingulate/
mesio-frontal  cortex,  and  temporo-parietal  junctions,  which 
show more activity at rest than during attention-demanding 
tasks. Recent studies have shown that it is possible to reliably 
identify this network in the absence of any task, by resting state 
fMRI connectivity analyses in healthy volunteers (Boly et al., 
2008b, 2009). This “default mode network” is considered to be 
involved in self-related processes (Mason et al., 2007; Buckner 
et al., 2008; Vanhaudenhuyse et al., 2011) but the functional 
significance  of  these  spontaneous  brain  activity  fluctuations 
in pathological states remain only partially understood. It has 
recently been shown that default mode connectivity decreases 
during propofol general anesthesia (Boveroux et al., 2010), sleep 
(Gould et al., 1999), and hypnotic state (McGeown et al., 2009; 
Demertzi et al., in press). In pathological impaired consciousness, 
resting state connectivity was shown to disappear in brain death 
(Boly et al., 2009) and to show a non-linear disintegration in 
pseudocoma or locked-in syndrome as compared to minimally 
conscious or relative to unconscious states (VS/UWS or coma; 
Vanhaudenhuyse et al., 2009; Figure 4).
Apart from resting state acquisitions, valuable information is 
gathered by studies observing the cerebral responses to external 
sensory stimulation. Using PET, stimulus-induced somatosensory 
(Laureys et al., 2002; Boly et al., 2008a) and auditory (Laureys 
et al., 2000a; Boly et al., 2004) activation protocols in VS/UWS 
patients have identified a cerebral response restricted to primary 
sensory cortices, whereas MCS patients demonstrated a stronger 
functional connectivity between sensory and fronto-parietal asso-
ciative areas in these patients. These findings indicate that the 
presence of isolated neuronal groups that work in a module-like 
fashion, are not functionally sufficient for the conscious percep-
tion of the world and the generation of conscious behavior (Schiff 
et al., 2002). Additionally, stimuli with emotional valence like 
infant cries (Laureys et al., 2004b) or the patient’s own name 
Figure 2 | Clinical setup of electrodes implementation in the central 
thalami bilaterally (white arrows) during deep brain stimulation. Adapted 
from Schiff et al. (2007).Frontiers in Psychology  |  Consciousness Research    February 2011  | Volume 1  | Article 245  |  4
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and only then one can infer that this subject is conscious. Using 
this approach, a collaborative study between the Cambridge and 
Liège imaging centers, we showed in a clinically VS/UWS patient 
fMRI evidence of obeying to simple commands (i.e., “imagine 
walking around in your house” or “imaging playing tennis”) in 
specific brain areas (i.e., parahippocampal and supplementary 
motor areas, respectively) indistinguishable from that observed 
in healthy controls (Owen et al., 2006). Such activation could not 
be attributed to automatic recruitment of these areas of interest 
(Soddu et al., 2009) and thus the patient was considered to be 
conscious. Of note is that 6 months later, when the patient was 
clinically re-examined, she recovered visual pursuit of a mirror 
(Vanhaudenhuyse et al., 2008), indicating her transition to a MCS. 
The residual brain activity detected via neuroimaging technologies 
could not be initially identified in the patient’s bedside, suggest-
ing that neuronal activation was taking place in absence of any 
behavioral output.
structural ImagIng
Structural connectivity refers to a network of physical or structural 
(axonal) connections which bines sets of neuronal populations. In 
clinical cases, information about the structural architecture of the 
brain can provide insights about recovery and neural plasticity in 
anoxic or traumatic brain injury. In chronic DOC, patients will 
progressively develop diffuse brain atrophy. In these cases, classical 
morphological MRI may not be a reliable indicator of the sever-
ity of the axonal injury and hence of the level of consciousness 
(Tshibanda et al., 2009). However, tools with higher sensitivity 
have been introduced which hold promise for studying plasticity 
in patients with DOC, such as diffusion tensor imaging (DTI) and 
magnetic resonance spectroscopy (MRS; Tshibanda et al., 2010).
Diffusion tensor imaging assesses the architectural organiza-
tion of white matter fibers and hence can detect in vivo diffuse 
axonal injury (Arfanakis et al., 2002). In an exceptional case of late 
recovery from traumatic brain injury, Voss et al. (2006) used DTI 
to document an increased fractional anisotropy (thought to reflect 
fiber density) in large, bilateral regions of medial parieto-occipital 
areas of the white matter paralleling his clinical recovery of speech 
and motor function 19 years after the acute insult. These findings 
were contingent to an increased regional metabolism in these areas 
when measured with PET, similar to the partially restored cortical 
regions observed in patients who recover consciousness after being 
in a chronic VS/UWS (Laureys et al., 2000b, 2006a; Figure 5). This 
multimodal posteriomedial associative area has been previously 
suggested to be part of the human awareness network (Vogt and 
Laureys, 2005).
Magnetic resonance spectroscopy is another non-invasive tech-
nique that can provide in vivo quantification of certain biochemical 
markers such as N-acetylaspartate (heralding information about 
neuronal density and viability), choline (reflecting cell membrane 
turnover), and creatine (reflecting cell aerobic energy metabo-
lism; Tshibanda et al., 2009). When information from this tech-
nique was combined with morphological MRI in traumatic brain 
injury, patients could be separated in prognostic subgroups based 
on the Glasgow Outcome Scale which was not possible when the 
different imaging techniques were applied separately (Carpentier 
et al., 2006).
(Di et al., 2007) induced a widespread near-normal activation 
in MCS. The latter fMRI study also showed to be informative of 
patients’ prognosis and recovery as confirmed by a recent study 
by Coleman et al. (2007).
Active paradigms
“Active paradigms” in neuroimaging studies, aiming to show com-
mand following, constitute a more direct proof to demonstrate 
conscious awareness, independent of motor activity. If a patient 
systematically follows a specific mental command, then this subject 
is expected to activate certain brain areas in a consistent manner 
Figure 3 | Functional connectivity between the thalami and prefrontal 
cortex is abolished during pathological unconsciousness (uWS/VS; red 
regression line) and resumes a near-normal modulation after recovery 
of consciousness (blue line). The green line illustrates connectivity in 
healthy controls. Regression lines represent cross-correlation of normalized 
regional cerebral blood flow as measured by H2O15-PET. Adapted from 
Laureys et al. (2000b).www.frontiersin.org  February 2011  | Volume 1  | Article 245  |  5
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perspectIves
The use of resting state fMRI to study functional recovery and 
neural plasticity in DOC patients and its clinical routine use as a 
diagnostic and prognostic tool needs a controlled methodology and 
inclusion of a larger number of patients as is currently being tackled 
by multicentric collaborations. Nevertheless, clinicians should be 
aware of the many limitations and pitfalls intrinsic to “resting state” 
analyses – especially the challenge to disentangle genuine neural 
activity from artifactual movement-related fMRI signal in studies 
on severe brain injury (Soddu et al., in press). Although   clinical 
assessment presently remains the gold standard in diagnosing this 
challenging population (Majerus et al., 2005), neuroimaging instru-
ments in some exceptional cases of motor-deprived non-communi-
cating DOC patients may be used as a means to establish a reliable 
communication code (Monti et al., 2010b). The challenge now will 
be to validate these novel technologies and to define the ethical and 
legal frameworks redefining cognitive competence in these patients 
with very limited and technology-dependent communication (Fins 
et al., 2008). Structural MRI coupled to spectroscopic and DTI tech-
niques are currently being validated as prognostic   markers in acute 
Figure 4 | The most representative nodes of the “default mode network” show a decrease in functional connectivity as we move from normal 
consciousness and locked-in syndrome (red squares) to minimally conscious or unconscious states. Graphs represent connectivity strength (mean z scores 
with 90% confidence intervals). PCC, posterior cingulate cortex. Adapted from Vanhaudenhuyse et al. (2009).
Figure 5 | (A) Restoration of glucose metabolism in posteriomedial cortices after recovery from the VS/UWS (area in white; arrows indicate the functional 
disconnections observed in VS/UWS patients). (B) In the same posteriomedial area, lower metabolism was observed in VS/UWS patients (black bar) as compared to 
those who recovered consciousness (gray bar) and to healthy controls (white bar), suggesting its critical role in the mediation of conscious awareness. Scale 
represents cerebral metabolic rates for glucose uptake (in mg/100 g/min). Adapted from Laureys et al. (2006a).Frontiers in Psychology  |  Consciousness Research    February 2011  | Volume 1  | Article 245  |  6
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patients has been largely overlooked by the medical community 
and deserves further investigation. We believe that the challenge 
is now to identify the conditions in which and the mechanisms by 
which some patients may recover consciousness by use of the latest 
MRI and PET neuroimaging tools. The absence of large, controlled 
randomized interventional studies in patients with chronic DOC 
account for the present lack of evidence-based guidelines and ten-
dency for therapeutic nihilism and can be related to the continuing 
societal, political, legal, and ethical debates in this field. The study 
of patients with chronic DOC may hence provide further insights 
in the medical management and rehabilitation of these patients 
at the clinical level, as well as increasing our understanding of the 
brain’s long overlooked plastic abilities and the scientific quest for 
the neural correlates of human consciousness.
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